Circadian rhythms have been demonstrated in mammals for a variety of biological phenomena, including running activity,' rectal temperature,2 plasma eosinophil and corticosterone levels,2' 3 liver mitoses, and nucleic acid content.4 Certain of these rhythms are considered endogenous since they persist in the absence of environmental lighting." I Controlling centers within the organism for these rhythms have been sought without success. Thus adrenal-dependent rhythms in epidermal mitoses and rectal temperature persist after hypophysectomy, although their amplitude is diminished.6'7
Results.-The effect of varying lighting conditions and blinding on the circadian rhythm in serotonin content of the rat pineal gland: Groups of rats kept under diurnal lighting conditions were killed at 1 P.M. (6 hr of light) and 11 P.M. (4 hr of darkness), and their pineal glands were assayed for serotonin content. Serotonin levels were 2 to 3 times higher in pineal glands of rats killed at 1 P.M. than in those of rats killed at 11 P.M. (Table 1) . These results essentially confirm the findings of Quay.9 Groups of rats which had been kept under diurnal lighting for 1 week were transferred to constant light or dark environments. After 5 days these animals were killed at 1 P.M. and 11 P.M. and their pineal glands examined for serotonin (Table TABLE 1 1). The circadian changes in pineal sero-EFFECT OF CONTINUOUS LIGHT OR DARKNESS tonin levels were abolished in rats kept ON The effects of blinding on the serotonin rhythm in the pineal gland are shown in Table 2 . Both eyes were removed from groups of rats which were then maintained under diurnal lighting conditions for a 1-or 2-week period. The animals were then killed at 1 P.M. and 11 P.M. and their pineal glands assayed for serotonin. The serotonin rhythm was still present in both groups of blinded rats. To rule out the possible influence of extraretinal photoreceptors, blinded rats were kept in constant light or dark environments for 1 week and their pineal glands assayed for serotonin content at 1 P.M. and 11 P.M. (Table 3 ). In contrast to the suppressive effect of constant light exposure in normal rats, the serotonin rhythm persisted in blinded rats kept in a constant light environment.
To establish the rapidity with which continuous light abolishes the serotonin rhythm in the pineal gland, rats were placed in diurnal lighting conditions for 5 days. On the 6th day, groups of control and blinded rats were transferred to a room in which illumination was extended an additional 4 hr to 11 P.M. Pineal glands were removed at 1 P.M. and 11 P.M. on the 6th day and examined for serotonin content (Table 4 ). There was no reduction at 11 P.M. in the serotonin levels of the pineals of rats which were exposed to additional illumination. Blinded rats showed a fall in pineal serotonin content at 11 P.M. whether or not the lights had been turned off at 7 P.M. These observations indicate that the circadian rhythm in pineal serotonin content can be extinguished by exposure to an additional 4 hr of (Fig. 1) . The removal of these glandular tissues had no effect on the circadian serotonin rhythm.
The role of the sympathetic nervous system in the control of the circadian rhythm of serotonin content in the pineal gland: The major, if not the sole, innervation of the rat pineal gland is derived from sympathetic fibers whose cell bodies are located in the superior cervical ganglia.'3 It has been shown in this laboratory that the activities of hydroxyindole-O-methyl transferase, the melatonin-synthesizing enzyme, 14 and 5-hydroxytryptophan decarboxylase'5 in the pineal gland are affected by its sympathetic innervation. The influence of the sympathetic nerves on the circadian rhythm of serotonin in the pineal gland was examined in the following experiments. Groups of rats whose superior cervical ganglia had been bilaterally extirpated were kept in diurnal lighting for 6 days after the operation. These rats were examined for pineal serotonin content in the usual manner at 1 P.M. and 11 P.M. (Table 5 All rats were examined for pineal serotonin 6 Rats were kept in diurnal lighting for 6 days days after operation. One group of decentralized after operation and were killed on the 7th day. rats was exposed to 4 hr of additional illuminaEach group contained 12-14 rats. tion before pineal gland removal.
rhythm could be localized in the superior cervical ganglia; the control might be neural but localized elsewhere in the body and communicated to the pineal gland via preganglionic fibers.
To examine this latter possibility, the preganglionic nerves to the superior cervical ganglia were severed bilaterally in groups of rats which were then maintained in diurnal lighting for 6 days before assaying their pineals for serotonin (Table 6 ). This treatment abolished the circadian rhythm in pineal serotonin in the same manner as did ganglionectomy. One group of decentralized rats was transferred, on the day they were killed, to a room in which the lights were not turned off at 7 P.M., and were killed at 11 P.M. Pineal serotonin levels for this group were the same as for decentralized groups under diurnal lighting. These results indicate that the serotonin rhythm is extrinsic to the pineal gland and communicated from the central nervous system to this organ via preganglionic sympathetic fibers to the superior cervical ganglia.
Discussion.-The circadian rhythm in serotonin content of the pineal gland is probably endogenous since it persists in the absence of environmental lighting and when other environmental cues (sound, temperature) are kept constant. Unlike endogenous circadian rhythms of eosinophil count, rectal temperature, plasma corticosterone levels, and running activity,16 the endogenous serotonin rhythm is not influenced by the removal of the adrenal gland, nor is it affected by o6phorectomy, hypophysectomy, or thyroidectomy. Exposure to additional light for as little as 4 hr will completely suppress the rhythm by preventing the nocturnal decline in pineal serotonin content. In contrast to the almost immediate and complete abolition of the pineal serotonin rhythm by a single additional period of light, other endogenous rhythms, such as running activity in rodents,1 are altered by continuous light exposure more gradually. As is the case with other circadian rhythms,"6 daily changes in light exposure might act as an external synchronizer (Zeitgeber) for the serotonin rhythm in the pineal gland. Preliminary reports17' 18 had shown that superior cervical ganglionectomy abolished the circadian rhythm in pineal serotonin content, although blinding was without effect. 1 These data, coupled with the present experiments on decentralization, clearly demonstrate that the controlling mechanism for the pineal serotonin rhythm is extrinsic to this gland. Information regarding the control of the rhythm is probably transmitted from the central nervous system to the pineal gland via preganglionic fibers to the superior cervical ganglia where they synapse with postganglionic sympathetic nerves. Since the serotonin rhythm in the pineal gland, which is controlled by sympathetic centers in the central nervous system, closely resembles other endogenous circadian rhythms, it is possible that a similar central sympathetic mechanism may be involved in their control.
The sympathetic nervous system has also been implicated in the regulation of the circadian rhythm in melatonin synthesis in the pineal gland.'0 However, unlike the serotonin rhythm, the circadian variations in melatonin synthesis are not endogenous, but are directly influenced by external lighting information which is communicated to the pineal gland via the superior cervical ganglia.'0 Sympathetic nerves are necessary for other actions of light on the pineal gland. Constant light exposure elevates the activity of 5-hydroxytryptophan decarboxylase, the serotonin-forming enzyme, in the rat pineal gland and results in a decrease in pineal gland weight.19 20 Removal of the superior cervical ganglia abolishes the effect of light on this enzyme'5 and on pineal weight.'4
Summary.-The presence of a circadian rhythm in serotonin content of the rat pineal gland has been confirmed. This rhythm persists in blinded rats and in rats kept in constant darkness but is abolished by one additional period of light. The suppressive effects of light exposure act via the retinae. The rhythm is unaffected by hypophysectomy, thyroidectomy, adrenalectomy, or oophorectomy. Superior cervical ganglionectomy or decentralization of the superior cervical ganglia abolishes the pineal serotonin rhythm.
